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Many theories beyond the standard model (BSM) predict enhanced production of events with large missing energy in association with a single reconstructed object. Such events have been searched for at the large hadron collider (LHC), when the single object is either a photon \[[@CR1], [@CR2]\], a jet \[[@CR3], [@CR4]\], or a $\documentclass[12pt]{minimal}
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This paper presents a search for singly produced top quarks in association with significant missing energy, corresponding to the associated production of one or several undetected neutral particles, and without any other reconstructed object. These neutral particles can be either stable and/or weakly interacting with ordinary matter -- providing an interesting interpretation in terms of dark-matter candidates -- or long-lived and decaying outside of the detector. The observation of such final states, commonly referred to as monotop events, would be evidence for new phenomena. Moreover, processes involving top quarks are sensitive to BSM physics, due to the large mass of this standard model (SM) particle which is close to the electroweak symmetry-breaking scale.

No such process is possible in the SM at tree level: the direct production of a top quark and a $\documentclass[12pt]{minimal}
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This search is performed with the ATLAS detector \[[@CR8]\] in $\documentclass[12pt]{minimal}
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The search is based on the analysis of top-quark events where the $\documentclass[12pt]{minimal}
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Signal models {#Sec2}
=============

Many theoretical models predicting the production of monotop events in hadron colliders have been proposed. In a first class of theories, a charged resonance is produced by down-type antiquark fusion and decays into a top quark and a neutral particle, as in $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$u$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t$$\end{document}$ or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$c$$\end{document}$--$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$t$$\end{document}$ coupling \[[@CR16]--[@CR19]\].

Because of the variety of these theories, effective models \[[@CR20], [@CR21]\] are used for the search reported in this paper. Furthermore, as minimal extensions of the SM, the effective models tested in this search are required to respect the electroweak gauge structure \[[@CR22]\]. The possibilities for monotop production in $\documentclass[12pt]{minimal}
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                \begin{document}$$v_{\mathrm {met}}$$\end{document}$, in association with a right-handed top quark.The Feynman diagrams for monotop production in the resonant and non-resonant models are shown in Fig. [1](#Fig1){ref-type="fig"}. Each of these effective models corresponds to one of the two classes of BSM theories detailed above.

A detailed study of the phenomenology of the resonant model is available in Ref. \[[@CR23]\]. The interaction Lagrangians of the resonant and non-resonants models are given in Eqs. ([1](#Equ1){ref-type=""}) and ([2](#Equ2){ref-type=""}), respectively.$$\documentclass[12pt]{minimal}
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The choice of model parameters -- the effective couplings and the masses of the particles -- is driven by phenomenological considerations: the particles $\documentclass[12pt]{minimal}
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Data and Monte Carlo samples {#Sec3}
============================

The data used for this analysis are selected from the recorded data streams using single-electron and single-muon triggers \[[@CR24]\]. Stringent detector and data quality criteria are applied offline, resulting in a data sample corresponding to an integrated luminosity of $\documentclass[12pt]{minimal}
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The signal samples are generated at leading order (LO) in QCD with the matrix-element generator [MadGraph5]{.smallcaps} v1.5.11 \[[@CR26]\] using [FeynRules]{.smallcaps} \[[@CR27]--[@CR29]\] and interfaced with [Pythia]{.smallcaps} v8.175 \[[@CR30], [@CR31]\] for parton showering and hadronisation. The parton distribution function (PDF) set MSTW2008LO \[[@CR32], [@CR33]\] is used. Resonant signal samples are generated with the mass of the invisible state $\documentclass[12pt]{minimal}
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After event generation, all signal and background samples are passed through the full simulation of the ATLAS detector \[[@CR59]\] based on GEANT4 \[[@CR60]\] and reconstructed using the same procedure as for collision data. All Monte Carlo (MC) samples are simulated with pile-up[2](#Fn2){ref-type="fn"} and re-weighted to have the same distribution of the mean number of interactions per bunch-crossing as in the data sample (20.7 on average).

Selection and background estimation {#Sec4}
===================================

The experimental signature of the monotop events is one isolated charged lepton (electron or muon) from the $\documentclass[12pt]{minimal}
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Electrons are identified as energy clusters in the electromagnetic calorimeter matched to reconstructed tracks in the inner detector \[[@CR61]--[@CR63]\]. Electron candidates are required to be isolated from other objects in the event and from hadronic activity to reduce the contamination by mis-reconstructed hadrons, electrons from heavy-flavour decays, and photon conversions. Muons are reconstructed using information from the muon spectrometer and the inner detector \[[@CR64]\]. An isolation criterion \[[@CR65]\] is applied to reduce the contribution of muons from heavy-flavour decays. The reconstructed charged lepton is required to have a transverse momentum $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}}$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$>$$\end{document}$ 30 GeV to ensure a constant trigger efficiency and to have $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<$$\end{document}$ 2.5 for muons and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |<$$\end{document}$ 2.47 for electrons (for the latter, the electromagnetic calorimeter barrel--endcap transition region 1.37 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$<|\eta |<$$\end{document}$ 1.52 is excluded).

Jets are reconstructed using the anti-$\documentclass[12pt]{minimal}
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Exactly one jet is selected, and is required to be $\documentclass[12pt]{minimal}
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The missing transverse momentum (with magnitude $\documentclass[12pt]{minimal}
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The main background to this final-state selection are $\documentclass[12pt]{minimal}
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Systematic uncertainties {#Sec5}
========================

The impact of systematic uncertainties is considered on the yields of individual background and signal processes. The main systematic uncertainties are those related to the jet energy scale, the $\documentclass[12pt]{minimal}
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Sample size {#Sec6}
-----------

Due to the stringent kinematic cuts in the signal regions, the impact of the limited size of the data and simulated samples on the signal and background estimates is a significant source of systematic uncertainty. For the $\documentclass[12pt]{minimal}
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For the other processes, which have non-negligible contributions, the effect of the limited sample size on expected signal (background) yields varies between 2 and 5 % (2 and 9 %).

Object modelling {#Sec7}
----------------

The effect of the uncertainty on the jet energy scale \[[@CR67]\] is a change in the signal (background) event yields of 1--5 % (9--10 %), depending on the channel and on the signal region. The impact of the jet energy resolution uncertainty, evaluated by smearing the jet energy in the simulation \[[@CR73]\], is a 2--3 % (1--2 %) effect on the signal (background) rates. The systematic uncertainty associated with the efficiency of the cut on the jet vertex fraction results in yield variations of 2--3 % (2--6 %) in the signal (background). Uncertainties on $\documentclass[12pt]{minimal}
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Luminosity {#Sec10}
----------

The uncertainty on the integrated luminosity is 2.8 % \[[@CR25]\], affecting the signal estimates as well as the simulated backgrounds.

Results and interpretation {#Sec11}
==========================
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Table [1](#Tab1){ref-type="table"} reports the expected event yields for the background and signal processes and the observed event yields in the SRI and SRII signal regions. As no excess is observed in data, 95 % CL upper limits on the signal production cross-sections are set with the $\documentclass[12pt]{minimal}
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The cross-sections are proportional to the square of the effective coupling. Thus, a 95 % CL upper limit on $\documentclass[12pt]{minimal}
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                \begin{document}$$a_{\mathrm {non\text{- }res}}$$\end{document}$ as a function of the mass of the invisible states is extracted. The results are shown in Fig. [7](#Fig7){ref-type="fig"}. This upper limit is set assuming that the coupling has no effect on the signal acceptance modelling. In the case of the resonant model, in which the increase of the resonance width with increasing coupling strength changes the signal kinematics, this assumption is validated by using two dedicated simulated samples produced with $\documentclass[12pt]{minimal}
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Summary and conclusion {#Sec12}
======================

Monotop events are searched for in the $\documentclass[12pt]{minimal}
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                \begin{document}$$a_{\mathrm {non\text{- }res}}=0.1$$\end{document}$, 0.2, and 0.3 are excluded for a mass of the invisible spin-1 state up to 432, 657, and 796 GeV, respectively. The observed 95 % CL limits are compatible with the expectations.

The ATLAS experiment uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the $\documentclass[12pt]{minimal}
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Extra proton--proton interactions from the same and previous bunch-crossings.

The transverse mass is defined as $\documentclass[12pt]{minimal}
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